Objectives: To evaluate changes in the volume and cross-sectional area of the nasal airway before and 1 year after nonsurgical miniscrew-assisted rapid maxillary expansion (MARME) in young adults. Materials and Methods: Fourteen patients (mean age, 22.7 years; 10 women, four men) with a transverse discrepancy who underwent cone beam computed tomography before (T0), immediately after (T1), and 1 year after (T2) expansion were retrospectively included in this study. The volume of the nasal cavity and nasopharynx and the cross-sectional area of the anterior, middle, and posterior segments of the nasal airway were measured and compared among the three timepoints using paired t-tests. Results: The volume of the nasal cavity showed a significant increase at T1 and T2 (P , .05), while that of the nasopharynx increased only at T2 (P , .05). The anterior and middle cross-sectional areas significantly increased at T1 and T2 (P , .05), while the posterior cross-sectional area showed no significant change throughout the observation period (P . .05).
INTRODUCTION
Rapid maxillary expansion (RME) is an orthodontic treatment modality for correcting transverse discrep-ancy. However, in adults, conventional RME can produce side effects such as buccal crown tipping, root resorption, failure of suture separation, and marginal bone loss. 1 To minimize these undesirable effects, expansion of the basal bone would be required.
Recently, successful expansion of the maxilla using miniscrews combined with an RME device was reported. 2, 3 The RME appliance maximizes skeletal expansion and minimizes dental side effects. According to a recent study, 3 miniscrew-assisted rapid maxillary expansion (MARME) can be a clinically acceptable and stable treatment modality for maxillary constriction in young adults.
Patients with maxillary constriction tend to have narrow airways compared with normal individuals. 4 As V-shaped expansion of the maxilla directly affects the nasal floor, the nasal cavity volume would change after the expansion. 5, 6 In previous studies, it was found that maxillary expansion through conventional RME contributed to an increase in the airway volume in children with obstructive sleep apnea (OSA). 7, 8 Adults with OSA have also shown maxillary constriction; however, it remains unclear whether maxillary constriction is a primary etiological factor for OSA. 9 An increased upper airway volume has also been reported in adults treated with surgically assisted rapid maxillary expansion (SARME), 10, 11 although the clinical significance of this finding is considered questionable because of measurement errors associated with the acoustic rhinometry (AR) technique and variability in individual response. 12 Furthermore, because a surgical procedure can affect the airway volume, the findings after SARME cannot be directly applied to MARME. Children are also different from adults in that they continue to grow. Therefore, additional studies are necessary for the accurate evaluation of airway changes after MARME in adults.
Even though the nasal cavity is directly affected by maxillary expansion, three-dimensional (3D) research is lacking, and most studies have focused on the pharyngeal airway because of technical difficulties in obtaining nasal cavity measurements. 13 The complex structure of the nasal cavity is more accurately observed on 3D images than on two-dimensional (2D) images, because it is difficult to measure volumetric dimensions and changes in various crosssectional areas on the basis of lateral or posteroanterior (PA) cephalograms. 6 Cone beam computed tomography (CBCT) provides multiplanar images with low dose of radiation and high spatial resolution. 14 From the aforementioned perspectives, CBCT was used to evaluate the null hypothesis that the volume and cross-sectional area of the nasal cavity and nasopharynx would not show significant differences before, immediately after, and 1 year after nonsurgical MARME.
MATERIALS AND METHODS

Subjects
Data for 14 patients (10 women, four men) who had undergone MARME at the Department of Orthodontics, Yonsei University Dental Hospital since January 2012 were collected retrospectively. The mean age of the patients was 22.7 6 3.3 years (range, 18.3-26.5 years). The inclusion criteria were: young adults (.18 years of age) with a transverse discrepancy, 15 successful opening of the midpalatal suture, non-extraction treatment, and availability of CBCT images obtained before expansion (T0), immediately after expansion (T1), and 1 year after expansion (retention period; T2), with a field of view (FOV) covering the entire nasal cavity. The exclusion criteria were: a history of orthodontic treatment, surgical procedure for the maxillary region including Le Fort I osteotomy during T0-T2, history of rhinitis during T0-T2, and presence of craniofacial anomalies or systemic diseases.
The MARME appliance was fabricated by modifying the conventional four-banded Hyrax RME appliance. 2 Orthodontic miniscrews (Orlus, Ortholusion, Seoul, Korea) with a 1.8 mm collar diameter and 7 mm length were placed at the center of the helical hooks ( Figure  1 ). Maxillary expansion was initiated the day after placement of the MARME appliance, which was activated once a day (0.2 mm/turn) until the required expansion was achieved. The mean duration of expansion was 28 days (range, 18-35 days), and the mean amount of expansion was 6.8 mm (range, 4.8-8.8 mm). CBCT was performed before expansion and within 5 weeks (mean, 10.71 days; range, 0-35 days) and approximately 14 months (mean, 14.0 months; range, 12.0-15.3 months) after the completion of expansion. The second CBCT images were obtained to determine if there was bone dehiscence after expansion, and the third CBCT images were obtained either for presurgical diagnosis or as post-treatment records. The MARME appliance was maintained for an average of 15.1 weeks after the completion of expansion. This study was approved by the institutional review board of Yonsei University dental hospital (IRB No. 2-2015-0020).
Measurements
The CBCT device (Alphard VEGA, ASAHI Roentgen IND, Kyoto, Japan) was set at 8.0 mA and 80 kV, and images were captured for 17 s with a 0.3 mm voxel size (FOV, 100 3 100 mm 2 or 154 3 154 mm 2 ). In the lateral view, patients were scanned in an upright position with the Frankfort horizontal (FH) plane parallel to the ground and their midlines aligned with the vertical axis of the machine. 16, 17 In the frontal view, the head was oriented with the orbital floor parallel to the ground.
The 3D images were imported as Digital Imaging and Communications Medicine (DICOM) files using OnDemand3D software (Cybermed Co., Seoul, Korea). After reorientation with the FH plane parallel to the floor in the sagittal and coronal planes, 3 landmarks were identified [anterior nasal spine (ANS), choanae, 18 and the third cervical vertebra (C3)] and 4 reference planes were used (two horizontal and two vertical) to obtain measurements (Table 1 and Figure 2 ). 16 The volumes of the nasal cavity and nasopharynx were separately measured, and the total volume was calculated as the sum of the two volumes using the following procedure. The airway is a space bound by hard and soft tissues. The software used a sculpting procedure to eliminate the hard and soft tissues and preserved the required region by deleting unnecessary structures. Then, threshold values were adjusted to The choanae are bounded medially by the vomer, inferiorly by the horizontal plate of the palatine bone, laterally by the medial pterygoid plate, and superiorly by the body of the sphenoid bone 1 C3
The most inferior and anterior point on the third cervical vertebra Reference planes FH plane Frankfort horizontal plane, which is determined by both porions and left orbitale C3 plane
Parallel to the FH plane and passing through C3 ANS-perp. plane Perpendicular to the FH plane and passing through ANS Choanae plane
The plane along the choanae ANS, choanae, C3, FH plane, C3 plane, ANS-prep. plane, and choanae plane were identified on two-dimensional lateral cephalograms reconstructed from three-dimensional cone beam computed tomography (CBCT) images. Table 1 for definitions of each landmark and reference plane. eliminate imaging artifacts and refine the selected region. Consequently, the airway volume could be measured in cubic millimeters. The nasal cavity was defined as the region bound superiorly by the FH plane, anteriorly by the ANS-perp. plane, laterally by the orifice of the maxillary sinus, and posteriorly by the choanae plane. 19 The nasopharynx was bound superiorly by the choanae plane and inferiorly by the C3 plane. 17 In addition, the cross-sectional area of the airway was measured in three different planes: ANSperp. plane, choanae plane, and C3 plane (Figures 2C, D, and E). Each area was measured using the smart pen, which is a measuring tool provided by the software manufacturer and can automatically trace the border between soft tissue and airway.
Statistical Analysis
One examiner performed all measurements. To estimate the intraexaminer reliability, seven randomly selected data sets were re-evaluated after a week. The intraclass correlation coefficient (ICC) showed high reliability (ICC . 0.90). The Shapiro-Wilk test was used to determine normality of the data. As all data showed normal distribution, paired t-tests were used to compare changes from T0 to T1, T1 to T2, and T0 to T2. A P-value ,0.05 was considered statistically significant. SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses.
RESULTS
The average volume of the nasal cavity before MARME was 10,822.6 mm 3 , which increased by 1061.6 mm 3 immediately after expansion (P , 0.05), with an additional increase of 648.6 mm 3 during the 1 year after expansion (P , 0.05; Table 2 and Figure  3A) . Consequently, the nasal cavity volume increased by 1710.2 mm 3 from T0 to T2 (P , 0.05). The original volume of the nasopharynx was 14,277.0 mm 3 , and the total average volume was 25,099.6 mm 3 . Even though the nasopharynx volume did not show a statistically significant increase from T0 to T1 and from T1 to T2 (P . 0.05), the increase of 942.4 mm 3 from T0 to T2 was statistically significant (P , 0.05). The total volume of the airway increased by 1575.0 mm 3 , 1077.7 mm 3 , and 2652.6 mm 3 from T0 to T1, T1 to T2, and T0 to T2, respectively (P , 0.05).
The average cross-sectional area of the airway on the anterior (ANS-perp.), middle (choanae), and posterior (C3) segments before MARME were 81.6, 436.8, and 303.8 mm 2 , respectively. The crosssectional area of the airway in the anterior and middle segments showed a significant increase of 14.6 mm 2 and 31.6 mm 2 , respectively, from T0 to T1 (P , 0.05; Table 2 and Figure 3B ). The increase from T0 to T2 was also significant (P , 0.05; Table 2 and Figure 3B) . The cross-sectional area of the posterior segment showed no significant changes throughout the observation period (P . 0.05).
DISCUSSION
MARME has been proven effective for skeletal and dental expansion in young adults, and the skeletal changes were maintained even after removal of the appliance. 3, 20 The present study demonstrated that nonsurgical maxillary expansion contributed to an increase in the volume and cross-sectional area of the nasal airway in young adults. The volume and area mainly increased in the nasal cavity, and this increase was maintained for 1 year after expansion; in contrast, the increase in the nasopharynx was not evident.
Maxillary constriction is a clinically significant factor for OSA because a low tongue position may cause narrowing of the pharynx. 7, 21, 22 In previous studies, the apnea-hypopnea index values decreased after conventional RME in children, with a stable outcome at the 12-year follow-up. 23, 24 Several studies have shown that even minor changes in the anterior nasal volume can contribute to a decrease in the respiratory airway resistance. 5, 10 Furthermore, an increase in the crosssectional area can facilitate easy breathing. 25 MARME, Table 1 and Figure 1 for the definition of each measurement. Paired ttests were used for each measurement.
*P , 0.05.
which was performed for young adults in the present study, appeared to have similar effects on the nasal cavity and airway. Previously, 2D analyses based on lateral cephalograms have been used to measure airway changes primarily in the pharyngeal area. 26 With 2D modalities, volumetric measurement, which plays a crucial role with regard to airway flow, is not feasible. In addition, assessment of the anterior nasal airway is barely possible. Some studies have investigated changes in the volume and cross-sectional area of the nasal airway using AR. 27, 28 However, the data obtained by AR Figure 3 . Changes in the volume (A) and cross-sectional area (B) of the airway as measured using cone beam computed tomography before (T0), immediately after (T1), and 1 year after (T2) nonsurgical miniscrew-assisted rapid maxillary expansion in young adults. Please refer to Table 1 for definitions of each landmark and reference plane.
Angle Orthodontist, Vol 88, No 4, 2018 may not be reliable because of possible errors caused by temperature, surrounding noise, or decongestants. 28 CBCT, which is not influenced by these factors, can demonstrate the structures of the nasal airway more accurately. Because of the complex structure of the nasal cavity, previous studies using CBCT images have evaluated changes in the posterior pharyngeal airway, not the anterior segment. 13, 17 Even though computed tomography (CT) images were used to measure the volume of the nasal cavity after SARME, the total volume was calculated by integration of each cross-sectional area, 5 which may be a less accurate method compared with direct assessment. In the present study, the airway structures in the nasal cavity and nasopharyngeal area were delineated by manually deleting all hard tissues; this is probably more reliable than the previous methods.
In the present study, the volume of the nasal cavity and nasopharynx increased after MARME and was maintained during the retention period. While the nasal cavity volume increased by 9.9%, 5.5%, and 15.4% from T0 to T1, T1 to T2, and T0 to T2, respectively, that of the nasopharynx increased by 6.4%, 4.1%, and 10.5%, respectively. The additional increase during the retention period seems to be a result of adaptation of the lateral walls of the nasal cavity, which were displaced immediately after expansion.
It should be noted that the increase in volume was more evident in the nasal cavity than in the nasopharynx. This is probably because the position of the appliance, which was below the nasal cavity, would have directly influenced changes in the nasal cavity. Conversely, the nasopharynx volume would not be directly affected because of resistance from the zygomatic buttress and pterygomaxillary junction. 29, 30 The increase in the cross-sectional area showed a similar trend; the anterior segment showed a greater increase compared with the posterior segment, with a T0-T2 increase of 31.3%, 9.5%, and 6.1% in the anterior, middle, and posterior segments, respectively.
After SARME, the nasal cavity volume was found to increase by 17.9%-23.3% when measured using AR 10, 12 and 5.1% when measured using CT. 5, 27 In the present study, the increase measured on CBCT was 15.3% after MARME. These discrepancies can be attributed to differences in the expansion modality, measurement tool, definition of the nasal cavity volume, and duration of retention. Similar to that after MARME, the increase in the nasopharynx area after SARME was not significant. 31, 32 However, conventional RME led to a 25.9% increase in the pharynx volume, 13 probably because of growth and differences in patient age.
The present study showed that MARME might be helpful in improving breathing through an increase in the airway dimensions, which are maintained even after removal of the appliance. However, a control group could not be enrolled in this study because of ethical issues. Also, the sample size was small, and measurements could not be analyzed according to age or sex, even though the data showed normal distribution. Last, morphometric changes in the airway were demonstrated which may not be directly related to functional aspects. Future studies should investigate the kinetic aspect of changes in the airway after nonsurgical maxillary expansion in young adults using computational fluid mechanics methods. Such simulations can predict the respiratory efficacy and detect inflammatory regions. 33 It is planned to apply such analyses to MARME-treated patients to not only evaluate volumetric changes, but also to understand the patient-specific change in physics caused by the anatomical modification.
CONCLUSIONS
In conclusion, the null hypothesis was rejected. After nonsurgical maxillary expansion in young adults, the volume and cross-sectional area of the nasal cavity showed a significant increase, with an additional increase in volume during the 1-year retention period. Moreover, the volume of the nasopharynx showed a significant increase at 1 year after the completion of expansion. The increase in the nasal cavity was larger than that in the nasopharynx throughout the observation period. Collectively, these results suggest that MARME can be a helpful modality to improve breathing in young adults with maxillary constriction.
